One sentence summary: A mouse model of DYT25 dystonia, carrying a Gnal mutation disrupting striatal 13 neurotransmission, exhibits anomalous cerebello-thalamic plasticity in the non-manifesting state, but 14 theta-burst cerebellar stimulations during cholinergic-induced dystonia depress the cerebello-thalamic 15 transmission and reduce the severity of the motor symptoms. 16 17 ABSTRACT 31 Dystonia is often associated with functional alterations in the cerebello-thalamic pathways, 32 which have been proposed to contribute to the disorder by propagating pathological firing patterns to 33 the forebrain. Here, we examined the function of the cerebello-thalamic pathways in a model of DYT25 34 dystonia, mice carrying a heterozygous invalidation of Gnal gene which notably disrupts striatal 35 function, exhibiting dystonic movements and postures following systemic or striatal administration of 36 oxotremorine. Theta-burst optogenetic stimulations of the cerebellar nuclei evoked a potentiation of 37 the responses to cerebellar stimulations in the thalamus and motor cortex in WT mice, without evident 38 motor function disruption. In contrast, theta burst stimulations evoked a depression of these responses 39 only in dystonia-manifesting Gnal+/mice after oxotremorine administration, decreased the disabling 40 dystonia attacks, and increased normal active wake behaviour in Gnal+/mice. The cerebellum could 41 thus offer a gateway for a corrective treatment of motor impairments in dystonia including striatal 42 dysfunction. 43 44
Introduction
The purposeful motion of our body is central in the human activity, and neurological diseases 48 altering motor function represent major clinical issues. Dystonias are characterized by involuntary 49 muscle contractions that induce abnormal twisted positions and postures, or cause patterned or 50 stereotyped movements (Albanese et al., 2013) . Many primary dystonias have a hereditary component 51 (Breakefield et al., 2008) , but the penetrance of genetic forms of dystonia is variable and even in 52 patients carrying identical mutation, symptoms vary in severity, age of onset, focal or generalized 53 localization or progression Dufke et al., 2014) . This intrinsic variability in 54 dystonia suggests the existence of interacting mechanisms that synergize or cancel out at different 55 levels of the motor centres to determine symptom onset (Hendrix and Vitek, 2012; Prudente et al., 56 2014; Kaji et al., 2017) . 57 58 Dysfunctions of the cerebellum and cerebello-cortical pathways have been implicated in dystonia 59 (Neychev et al., 2011; Lehéricy et al., 2013) . Patients with various forms of dystonia exhibit structural 60 and functional alterations of the cerebellum as well as abnormalities in the cerebello-thalamic 61 connections (Lehéricy et al., 2013) . The relevance of the cerebellum in dystonia has also been 62 demonstrated in animal models (Neychev et al., 2011) . In three genetic models of dystonia (dt rat, 63 tottering mouse and mouse with invalidation of type 1 inositol triphosphate receptor in the 64 cerebellum/brainstem), the removal of the cerebellum, or only of the cerebellar Purkinje neurons or 65 deep cerebellar nuclei (DCN), abolishes dystonic movements (LeDoux et al., 1993; LeDoux et al., 1995;  66 Campbell et al., 1999; Neychev et al., 2008; Hensch et al., 2013) . The down-regulation of the DYT1 gene, 67 Torsin A, in the cerebellum is sufficient to trigger dystonia (Fremont et al., 2017) . Neurons of the 68 cerebellar nuclei can rapidly excite the dorsolateral striatum through a di-synaptic pathway with a relay 69 in the centro-lateral (CL) nucleus of the thalamus (Chen et al., 2014) . Aberrant cerebellar activity can 70 4 cause dystonia by dynamically forcing a pathological state via the cerebello-thalamo-striatal pathway 71 (Calderon et al., 2011) . Structural defects in the cerebello-thalamo-cortical pathway have been 72 identified in a mouse model of DYT1 dystonia (Ulug et al., 2011 ), but they have been proposed to 73 provide a protective effect and limit the penetrance of the disease in patients (Argyelan et al., 2009) , 74 consistent with the view that dystonias are brain motor network disorders, where dysfunction of one 75 node results in dysfunctions/adaptations in the others. (Pelosi et al., 2017) . Gnal haplo-deficiency reduces striatal cAMP production and disrupts 82 striatal functions but the mice are asymptomatic in terms of dystonia. Dystonic symptoms were 83 generated by injections of a muscarinic cholinergic agonist (oxotremorine M) systemically or in the 84 striatum, but not in the cerebellum, indicating that an increase in striatal cholinergic tone is critical to 85 the onset of disorder (Pelosi et al., 2017) . The present study is aimed at examining the role of cerebello-86 thalamic tract and its plasticity in this model. 87 
88
To study the functional connectivity in the cerebello-thalamic tract, we combined optogenetic 89 stimulations in the cerebellar dentate nucleus with recordings in the thalamus and motor cortex, and 90 with behavioural measures. Moreover, we probed the plasticity induced by cerebellar stimulations using 91 theta-burst stimulation protocols. Indeed, transcranial theta-burst stimulations are used to treat various 92 motor and non-motor disorders (Suppa et al., 2016; Jannati et al., 2017 Figure 1 ). Overall, we did not observe major motor deficits; however, mild effects were noted when the 108 analysis was performed separately on males and females as reported below. A total of 16 Gnal+/mice 109 were studied, 12 males and 4 females. Regarding the wild-type (WT) mice, 19 mice were studied, 11 110 males and 8 females. 111 We observed that the motor performance of Gnal+/mice was not impaired in the vertical pole 112 test (Mann-Whitney test; p = 0.176 for males; p = 0.246 for females), horizontal bar test (Mann-Whitney 113 test; p = 0.487 for males; p = 0.134 for females) and grid test (Mann-Whitney test; p = 0.164 for males; p 114 = 0.298 for females). 115 We also performed a fixed speed rotarod test to test the motor coordination. We did not find 116 significant differences between Gnal+/and WT mice (Repeated measure ANOVA F(1,4)=7.348 p = 117 0.053), nor when comparing males and females for each speed steps (Student's T test Welsch corrected,   118 with a Bonferroni correction for multitests, p= 0.171 for both males and females). We performed the gait test and different parameters were computed. We were not able to find 120 significant differences in gait width (Mann-Whitney test; p = 0.154 for males; p = 0.074 for females), 121 alternation coefficient (Mann-Whitney test; p = 0.391 for males; p = 0.175 for females), linear 122 movement (Mann-Whitney test; p = 0.221 for males; p = 0.101 for females) or sigma (Mann-Whitney 123 test; p = 0.488 for males; p = 0.134 for females). However, the length of stride was significantly longer in 124 Gnal+/females compared to female WT mice (Mann-Whitney test; p = 0.007 for females; p = 0.322 for 125 males). 126 We also studied both the average locomotor speed and the total distance travelled during an 127 open-field session. We observed no significant differences when comparing Gnal+/and WT males 128 (Mann-Whitney test; p = 0.141 for the average speed; p = 0.203 for the distance travelled). However, we 129 observed that both average speed and distance travelled were lower in females Gnal+/compared to 130 females WT (Mann-Whitney test; p = 0.037 for the average speed; p = 0.037 for the distance). In 131 conclusion, motor activity and motor coordination are not dramatically impaired in young 3 to 7-month-132 old mice Gnal+/mice as previously described (Pelosi et al., 2017) ; however, mild differences were 133 observed in females only, raising the possibility of higher susceptibility in female mice. The thalamus is the main gateway to the motor cortex and striatum, which are, together with the 139 cerebellum, the main structures involved in dystonia. To examine the impact of the reduction of Gnal 140 expression in the thalamus, we first examined the changes in neuronal activity in the motor thalamus 141 (VAL), the striatum-projecting thalamus (CL) and the motor cortex (M1) in freely moving mice (Figure 2, 142 Table 1 ). Saline injections in Gnal+/mice did not induce abnormal motor patterns, consistent with 143 previous observations (Pelosi et al., 2017) . In these mice, we found no difference as compared to saline- To examine the plasticity of the cerebello-thalamic pathways, we then studied the impact of 164 optogenetic theta-burst stimulations (given the limited number of cells, males and females were not studied separately). In the saline condition, the response to low-frequency stimulations was significantly 166 increased in CL, VAL ( Figure 3A ,B) and M1 after theta-burst stimulations in the wild type mice, while no 167 significant change was found in the Gnal+/mice ( Figure 3D , Table 1 & 2). The difference between wild 168 type and Gnal+/-mice was clearly significant in VAL and M1 ( Figure 3D , Table 1 & 2). In contrast, 169 following oxotremorine administration, the responses to cerebellar low-frequency stimulations were 170 not changed in wild type mice after theta-burst stimulations, while they were decreased in Gnal+/mice 171 in all the structures considered : CL, VAL ( Figure 3E ,F) and M1 ( Figure 3H , Table 1 & 2), suggesting a 172 weaker entrainment of the motor circuit by the cerebellum during dystonic-like attacks induced by 173 oxotremorine in Gnal+/mice. The increase (potentiation) ( Figure 3A implanted Gnal+/mice and only mild motor signs in wild type mice ( Figure 4A In the present study, we investigated the behaviour and functional coupling of the dentate (DN) 215 nucleus of cerebellum to the thalamus and motor cortex M1 in basal condition and during dystonic-like 216 state triggered pharmacologically in the Gnal+/animal model. We confirmed the presence of dystonic-217 like movements and postures in these mutant mice after oxotremorine, a muscarinic cholinergic agonist. 218 We found little if any change in locomotor activity or motor coordination and in baseline firing rate in thalamic connection in such model. 260 We did not find any differences in the spontaneous firing activity between wild type and Gnal+/-261 mice in CL and VAL thalamus or M1 cortex, indicating an absence of overt baseline deficits. 262 Oxotremorine injections mildly increased the average firing rate in all structures, but there was no 263 strong difference between wild type and Gnal+/mice. Examining the activity evoked in these brain 307 The striatum has been shown to receive di-synaptic inputs from the cerebellum (Bostan et al., activities of the two populations of MSNs. The "anti-dystonic" effects we induced by stimulations of 329 cerebellar output in the dentate nucleus of Gnal+/mice might rely on a reduction of these alterations. 330 However, understanding the mechanisms at play will probably require solving the complex rules of 331 synaptic plasticity in the striatum (reviewed in Perrin and Venance, 2019). 332 In conclusion, our study investigates an original model of dystonia that mimics the genetic 333 alterations discovered in DYT25 dystonic patients, a subtype of dystonia that has not yet been studied in Two surgeries were performed. During the first surgery, AAV2/1.hSyn.ChR2(H134R)-eYFP.WPRE.hGH 554 (700nl) was injected into the deep cerebellar nuclei of the Gnal+/and WT mice (dentate nucleus, DN: 555 −6 mm AP, ±2.3 mm ML, −2.4 mm depth from dura). After 3 weeks, implantation surgery was 556 performed. For both surgeries, the mice were anesthetized either with a mixture of ketamine/xylazine 557 or with a mixture of isoflurane and O2 (3% for induction, 1,7% for maintenance). Injections with 558 buprenorphine (0.05 mg/kg, s.c.) were performed to control pain, and core temperature (37°C) was 559 maintained with a heating pad. The mice were fixed in a stereotaxic apparatus (David Kopf Instruments, 560 USA). After a local midline lidocaine injection s.c. (2%, 1ml) , a medial incision was performed exposing 561 the skull. Small craniotomies were drilled above the recording sites and above the optic fibre location 562 (above the virus injection site) and then the electrodes were stereotaxically lowered inside the brain. 563 This allowed us to record in the left motor cortex (M1) (AP +2 mm and -2 mm ML from the Bregma), 564 ventro-lateral thalamus (VAL) (-1.34 mm AP, ML=-1.00 mm and DV=-3.4 mm depth from the dura) and 
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